Mammalian pre-implantation development is a complex process involving dramatic changes in the transcriptional architecture [1] [2] [3] [4] . We report here a comprehensive analysis of transcriptome dynamics from oocyte to morula in both human and mouse embryos, using single-cell RNA sequencing. Based on single-nucleotide variants in human blastomere messenger RNAs and paternal-specific singlenucleotide polymorphisms, we identify novel stage-specific monoallelic expression patterns for a significant portion of polymorphic gene transcripts (25 to 53%). By weighted gene co-expression network analysis 5, 6 , we find that each developmental stage can be delineated concisely by a small number of functional modules of co-expressed genes. This result indicates a sequential order of transcriptional changes in pathways of cell cycle, gene regulation, translation and metabolism, acting in a step-wise fashion from cleavage to morula. Crossspecies comparisons with mouse pre-implantation embryos reveal that the majority of human stage-specific modules (7 out of 9) are notably preserved, but developmental specificity and timing differ between human and mouse. Furthermore, we identify conserved key members (or hub genes) of the human and mouse networks. These genes represent novel candidates that are likely to be key in driving mammalian pre-implantation development. Together, the results provide a valuable resource to dissect gene regulatory mechanisms underlying progressive development of early mammalian embryos.
Mammalian pre-implantation development involves sequential decay of maternally stored RNAs in parallel with massive induction of new transcripts from the embryonic genome in a process called zygotic (or embryonic) genome activation (ZGA or EGA) [7] [8] [9] . However, previous gene expression profiling of human pre-implantation has been limited by blastomere sample size and quantitation platforms [10] [11] [12] [13] . Recent advances in single-cell RNA sequencing (RNA-seq) technology [14] [15] [16] [17] have provided the unprecedented opportunity to study gene regulation in early human embryos under high resolution. We mapped approximately 700 million sequencing reads derived from 33 single cells of multiple stages, ranging from mature oocytes to 8-cell blastomeres.
To control the quality of single-cell RNA-seq from technical errors, we focused on libraries (26 out of a total 33, or 79%) that share at least 80% similarity with other libraries derived from identical pre-implantation stages (Supplementary Table 1 ). In addition, we performed RNA-seq for three samples of individual morula embryos. The typical number of detectable genes (reads per kilobase per million (RPKM ) . 0.1) ranged approximately from 8,500 to 12,000 genes in individual cells, demonstrating that our technique has greater sensitivity and coverage compared with previous microarray methods [10] [11] [12] [13] . Unsupervised hierarchal clustering analysis and principal component analysis revealed that cells of different pre-implantation stages form distinct clusters (Fig. 1a, b) . Furthermore, single-cell resolution revealed that blastomeres from the same 8-cell embryo are more similar to each other than blastomeres from a separate 8-cell embryo (Fig. 1a, b) .
Intriguingly, cluster analyses showed that both pronuclear and zygote (1-cell stage) embryos clustered closely together but away from oocytes and cleavage embryos, indicating that the 1-cell stage exhibits a distinct transcriptome pattern. Comparisons between mature oocytes and 1-cell embryos identified 149 differentially expressed genes (false discovery rate (FDR) , 5%, .2-fold change), 79 and 70 of which were up-and downregulated in 1-cell embryos, respectively (Fig. 1c) . Interestingly, approximately half of the upregulated genes remain highly expressed in 2-and 4-cell stages but are downregulated at the 8-cell stage, whereas the other half is further upregulated at the 8-cell stage (Fig. 1d) . By performing similar single-cell RNA-seq in mouse preimplantation embryos (Supplementary Table 1) , we observed 520 transcripts that were upregulated in pronuclei compared to mature oocytes ( Supplementary Fig. 1 ), confirming that both human and mouse species exhibit a conserved minor wave of ZGA before the major wave of ZGA (or EGA). These results indicated that our approach has overall greater quantitation for identifying gene expression changes between different stages of pre-implantation development. Single-cell RNA-seq enabled base-resolution scrutiny without confounding effects from cell population heterogeneity. In this unique study, all embryos were derived from intra-cytoplasmic sperm injection of different egg donors with the same sperm donor. Based on the paternal genotype as assayed by exome sequencing of the sperm donor's blood sample, we were able to follow the paternal genome in embryos through single-nucleotide polymorphism (SNP) analysis [18] [19] [20] . We identified paternally or maternally expressed genes either by inferring phased paternal haplotype information 21, 22 or by leveraging sites which are paternally homozygous in exome sequencing, but heterozygous in embryo transcripts (Fig. 2a and Supplementary Table 2 ). In total, we determined the parent-of-origin expression for approximately 850 to 1,400 gene transcripts (or 15-20% of all detected gene transcripts per stage). For further validation of allele-specific expression in early embryos, we analysed the status of imprinting genes that exhibit known parent-of-origin expression patterns (see Supplementary Text and Supplementary Figs 2 and 3) . Unexpectedly, we found that 53% of 8-cell embryo transcripts and 23% of morula transcripts exhibit monoallelic maternal expression patterns (Fig. 2b) , even though major EGA in human early embryos already occurred during the transition of 4-to 8-cell stage ( Supplementary Fig. 4 ). For example, within a single haplotype region, we observed simultaneous maternal transcript activation and degradation in the ASB6 locus and C9orf78 locus, respectively (Fig. 2c) . In a different scenario, the paternal genotype is homozygous in three consecutive SNPs (rs3829009, rs6990278 and rs8537) at the cell-cycle regulator CDCA2 gene locus. In this example, the phased paternal SNP pattern is not detected in 2-and 4-cell embryos but seen in 8-cell embryos, indicating that the detected transcripts in 2-and 4-cell embryos must be of maternal origin and also that CDCA2 undergoes paternal activation at the 8-cell stage (Fig. 2d) . However, paternal activation at this locus appears transient as the paternal allele could not be detected in the morula stage. In fact, we observed a moderate correlation between expression of the paternal allele and overall transcript expression (r 5 0.53, P 5 0.06), suggesting that the paternal allele is regulated dynamically.
Notably, the rs3829009 SNP in CDCA2 is a missense variant that results in a benign Arg to Ser amino acid change 23 ( Fig. 2d) . As RNAseq produces base-resolution information for codons, we further examined the global prevalence of potentially deleterious transcript expression. Using multiple single-cells from the same 8-cell embryo, we consistently identified 1,225 homozygous SNP variants, 3.5% of which are predicted as damaging non-synonymous variants (Supplementary Fig. 5 ). This result suggests that single-cell RNA-seq would be a powerful approach for genome-scale screening of potentially deleterious variants in embryos.
Thus far the analyses focused on individual gene-transcript changes during each transitional stage, but did not reveal the crucial shift of gene networks in pre-implantation development. To understand the co-expression relationships between genes at a systems level, we performed weighted gene co-expression network analysis (WGCNA) 5, 6 . This unsupervised and unbiased analysis identified distinct co-expression modules corresponding to clusters of correlated transcripts (Fig. 3a) . Notably, 9 out of 25 co-expression modules showed stage-specific expression values, that is, these modules are comprised of genes that tend to be overexpressed in a single developmental stage (r . 0.7, P , 10
23
, Supplementary Fig. 6 ). These stage-specific modules probably represent core gene networks operating in each transitional stage. In total, 8,301 genes were part of human oocyte to morula stage-specific modules, revealing a step-wise requirement of new transcripts that are involved in gene transcription (4-cell), post-transcriptional RNA processing (8-cell), and then protein translation and cell energetics (morula) (Fig. 3b) . As expected, the oocyte module undergoes gradual degradation over the course of development, whereas modules in the 4-to 8-cell transition show sharp degradation (threefold) and activation (fourfold) (Fig. 3c) . Collectively, our systems analysis revealed that the transcriptional organization for human pre-implantation development can be summarized using a small number of stage-specific modules with welldefined function.
Importantly, these modules are highly robust and reproducible as can be seen from our module preservation analysis 24 ( Fig. 4a ). This module preservation analysis uses a permutation test to define a test 
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statistic, Z summary , that summarizes the evidence that the network topology of the module is preserved in an independent data set (see Methods). Seven out of nine modules were detected with highly significant preservation scores (Z summary . 10) in two publically available human preimplantation data sets (but with substantially less RNA transcripts). Prior to the direct study of transcription changes during human preimplantation process, mouse models provided crucial insights into the pre-implantation gene regulatory network [2] [3] [4] . However, it seems that only one study (involving far fewer transcripts) performed a cross-species comparison in the context of a pluripotency network 11 . Therefore, we performed single-cell RNA-seq in mouse blastomeres from oocyte to morula embryos for a direct cross-species comparative analysis (Supplementary Table 1 ). Cross-species module preservation analysis showed that 7 out of 9 human stage-specific modules were at least moderately preserved (Z summary . 5) ( Fig. 4a and Supplementary Table 1 ). We further validated the cross-species preservation using other mouse pre-implantation data sets 11, 25 , which confirmed most human stage-specific modules are preserved in mouse (Fig. 4a) . As expected, intra-species module preservation was more significant (Z summary . 10) than inter-species preservation (Z summary . 5, Fig. 4a ).
Thus, these preserved gene networks represent a strongly conserved transcriptional architecture of key developmental programs.
By applying WGCNA independently to our mouse data set, we found that mouse development also involves stage-specific co-expression modules ( Supplementary Fig. 7 ). Gene ontology analyses showed that mouse stage-specific modules share many functional similarities to their human counterparts, including the conserved sequential activation of functional enrichment changes ( Supplementary Fig. 8 ).
As expected, overlaps between human and mouse stage-specific modules were highly significant (P , 10
24
, Fig. 4b , see also Supplementary  Fig. 9 ), and the functional enrichment of overlapped stage-specific genes mostly reflected the overall network function (Fig. 4c) . However, when we examined overlap of pre-major ZGA in human and mouse, we found that most genes were enriched for protein transport and GTPase signalling, whereas their respective modules as a whole were more enriched for cell-cycle genes ( Fig. 4c and Supplementary Fig. 8) .
Notably, stage-specific modules in human and mouse overlapped across multiple stages. For example, the mouse oocyte and 1-cell module genes overlapped significantly with genes that were specific to human oocyte, 1-cell and 4-cell stages (P , 10
26
, Fig. 4b ). This result suggested LETTER RESEARCH that mouse pre-major ZGA genes are spread over the longer gestational pre-major EGA window in humans. Likewise, post-major ZGA modules in mouse were found to have significant overlap and spread throughout all post-major EGA human stages (Fig. 4c) . Although there is divergence in the timing of the major ZGA between human and mouse, these two species re-converge in both timing and function at the 8-cell to morula transition, during which many mitochondrionrelated transcripts are upregulated ( Fig. 4c and Supplementary Fig. 8) . Collectively, our results show that human and mouse share many core transcriptional programs in early development, but diverge in their stage-specificity and timing, probably reflecting species-specific differences in human and mouse gestational periods.
Using the WGCNA measure of intramodular gene connectivity (kME), we identified 491 intramodular hub genes across all stage-specific modules (kME . 0.9, P , 10
222
). Intramodular hub genes are centrally located in their respective modules and may thus be critical components within the network. Remarkably, 337 (69%, P , 10
216
) hub genes in stage-specific modules can be validated (that is, independently identified as a hub gene in a separate data set), demonstrating that pre-implantation hub genes are highly reproducible (Supplementary Table 3 ). For example, KPNA7 (kME 5 0.89, P , 10
222
) is consistently identified as a hub gene in multiple human and mouse pre-major EGA networks (kME . 0.91).
Notably, approximately half of Kpna7-deficient mouse embryos fail to develop to blastocysts, whereas the other half show delayed developmental progress 26 . Furthermore, SIN3A, a transcriptional co-repressor, is a 4-cell intramodular hub gene that was validated in every independent data set ( Fig. 4d and Supplementary Table 3) . Indeed, analysis of upstream regulators of human 8-cell module genes revealed overrepresentation in MYC, MAX and MXI1 targets, which are absent in the 4-cell stage modules. This finding is consistent with the previously characterized activation of Myc-enriched genes upon Sin3a depletion 27 .
Together, these results demonstrate that some intramodular hubs are probably key players in pre-implantation development.
In summary, we have demonstrated that single-cell RNA sequencing has markedly improved transcriptome quantification of rare human pre-implantation embryo samples at both individual transcript and system levels. The findings extend our knowledge of the transcriptional architecture, sequential order of gene activation, and genetic programming for early human embryogenesis. Our cross-species systems analysis demonstrates that the human pre-implantation transcriptional organization is highly preserved, highlighting an evolutionarily conserved molecular process including key genes that drive mammalian pre-implantation development. It remains to be resolved whether the differences in a portion of co-expressed modules can account for speciesspecific function, such as seen previously in systems comparisons of human and mouse brain 28 . Furthermore, we expect that single-cell RNAseq can also quantitatively delineate the structures, isoforms, and allelespecific expression patterns of both coding genes and non-coding regulatory RNAs 8, 13, 25 . Moreover, compared to exome or genomic sequencing, RNA-seq analysis has the advantage of quantitatively (1) (1) 21 21 (1) (1) 5 (0.9) (0.9) 33 33 (1) (1) 62 62 (0.7) (0.7) 94 94 (1) (1) 64 64 (1) (1) 9 (1) (1) 13 13 (1) (1) 97 97 (1) (1) 83 83 (1) (1) 28 28 (1) (1) 11 
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revealing expression defects that are due to genetic and/or epigenetic alternations in gene regulatory domains that are beyond the detection of DNA sequencing, such as in the case of imprinting disorders. Thus, single-cell RNA-seq of a single blastomere could be a promising approach for pre-implantation genetic diagnosis in the near future.
METHODS SUMMARY
Oocytes and early embryos were obtained from the Center for Clinical Reproductive Medicine at the Jiangsu People's Hospital, Nanjing, China, with patients' written informed consent and institutional approval. Single-cell isolation and RNA-seq experiments were carried out as described 14 with the use of the Illumina HiSeq2000 instrument, according to the manufacturer's specifications. Detailed information on ethical conduct, sample collection, and data analyses are available in Methods.
METHODS
Ethics statement. Oocytes were obtained from female patients (between ages 26 and 35) at the Center for Clinical Reproductive Medicine at the Jiangsu People's Hospital, Nanjing, China, with written informed consent and institutional approval. Sperm was obtained from an anonymous healthy donor at an in vitro fertilization sperm bank in Changsha, China, with informed consent. This study was approved by the Institutional Review Board (IRB) on Human Subject Research and Ethics Committee in the First Affiliated Hospital to Nanjing Medical University, China. None of the donors received any financial re-imbursement. The identity of the subjects was anonymous to all of the scientists in this project from the beginning. Investigators at UCLA were only involved in data analysis and manuscript writing. According to the UCLA IRB review of their involvement in the study, UCLA investigators were granted exemption approval (IRB no. 12-001361). Human embryo collection and culture. Vitrified mature oocytes were warmed with a thawing kit before RNA isolation (Jieying Laboratory). All thawing steps were performed at room temperature (23-25 uC) . Oocyte survival was evaluated based on integrity of the oocyte membrane and the zona pellucida. Fertilization is achieved through intracytoplasmic sperm injection (ICSI) to synchronize the development time for each batch of viable oocytes for this study. Embryos were cultured in Cleavage Medium (SAGE) in a low-oxygen humidified atmosphere containing 5% CO 2 , 5% O 2 and 90% N 2 at 37 uC. Stages of human embryo development were assessed through microscopy and collected separately. Mice embryos collection. For timed pregnancy, PMSG (7-10UI) was intraperitoneally injected into C57BL/6 female mice aged 4 to 6 weeks. Next, hCG (7-10UI) was intraperitoneally injected after 46 to 48 h. Pregnant mice were euthanized at various time points to obtain embryos as follows: metaphase II oocyte (12 h), zygote (24 to 26 h), 2-cell (30 to 32 h), 4-cell embryo (day 2), 8-cell embryo (day 3), and morula (day 4). Animal experiments were reviewed and approved by the Animal Experiment Administration Committee of Tongji University School of Medicine, China. RNA isolation and library construction. Both human and mouse blastomeres were prepared using identical protocols. Single blastomeres were isolated by removing the zona pellucida using acidic tyrode solution (Sigma, catalogue no. T1788), then separated by gentle mouth pipetting in a calcium-free medium. Single cells were washed twice with 13 PBS containing 0.1% BSA before placing in lysis buffer. RNA was isolated from single cells or single morula embryos and amplified as described previously 14 . Library construction was performed following Illumina manufacturer suggestions. Libraries were sequenced on the Illumina Hiseq2000 platform and sequencing reads that contained polyA, low quality, and adapters were pre-filtered before mapping. Filtered reads were mapped to the hg19 genome and mm9 genome using default parameters from BWA aligner 29 , and reads that failed to map to the genome were re-mapped to their respective mRNA sequences to capture reads that span exons. Transcriptional profiling. In both human and mouse cases, data normalization was performed by transforming uniquely mapped transcript reads to RPKM 30 . Genes with low expression in all stages (average RPKM , 0.5) were filtered out, followed by quantile normalization. For differential expression, we compared every time point to its previous time point using default parameters in DESeq using normalized read counts. Genes were called differentially expressed if they exhibited a Benjamini and Hochberg-adjusted P value (FDR) ,5% and a mean fold change of .2. Paternal exon sequencing. The paternal genomic DNA was extracted from 10 ml peripheral blood of the sperm donor (serial number D5422) using QIAamp DNA Blood Mini Kit. Then 1ug of the genomic DNA was fragmented through sonication. Exome enrichment was performed using the Agilent SureSelect Human All Exon Kit (50 Mb). Sequencing was performed on the Illumina Hiseq2000 platform according to the manufacturer's instructions and reads were mapped to the hg19 using default parameters for the BWA aligner 29 . SNP analysis. SNP calling was performed using the GATK software using default parameters 16 . The SNP database we used for reference was from the 1000 Genomes Project which contains SNP variants from the Chinese population (CHB). Only SNP sites with coverage of 10 reads or more were considered. SNP annotation was performed used Annovar 31 and SNP variant effect on protein functional change was predicted using SIFT 23 . Only predictions with high confidence (SIFT score ,0.05) were considered. Paternal and maternal gene calling. We performed paternal and maternal gene calling in two ways. In the first, we deduced the parental haplotype and used linkage information to determine the parent-of-origin. We used heterozygous SNPs from paternal genotype (first allele $ 5 reads, second allele $ 3 reads, both quality values .20) and identified at least two embryos which contain paternal SNPs (both alleles $ 5 reads, both quality values .20). We asked whether the linkage between two adjacent loci are supported by correct links in at least two embryos, and whether the correct links are greater than the wrong links at each loci (for example, the number of correct links .3 3 wrong links). These results are in Supplementary  Table 2. In the second approach, we used homozygous SNPs from the paternal genotype so we could trace exactly which allele the embryo must carry. If embryos are heterozygous at this site, we infer that the alternative allele is maternally derived. In addition, if there is absence of the paternal allele and expression of an alternative allele, these transcripts are also maternally derived. We have provided a schematic for these scenarios in Fig. 2a . Weighted gene co-expression network analysis. Both human and mouse data sets were independently constructed using the following method. A signed weighted correlation network was constructed by first creating a matrix of pairwise correlations between all pairs of genes across the measured samples 6 . Next, the adjacency matrix was constructed by raising the co-expression measure, 0.5 1 0.5 3 correlation matrix, to the power b 5 12. The power of 12, which is the default value, is interpreted as a soft-threshold of the correlation matrix. Based on the resulting adjacency matrix, we calculated the topological overlap, which is a robust and biologically meaningful measure of network interconnectedness 32 (that is, the strength of two genes' co-expression relationship with respect to all other genes in the network). Genes with highly similar co-expression relationships were grouped together by performing average linkage hierarchical clustering on the topological overlap. We used the Dynamic Hybrid Tree Cut algorithm 33 to cut the hierarchal clustering tree, and defined modules as branches from the tree cutting. We summarized the expression profile of each module by representing it as the first principal component (referred to as module eigengene). Modules whose eigengenes were highly correlated (correlation above 0.7) were merged. Module preservation statistics. To evaluate the human modules in mouse developmental data 24 , we mapped human genes to mouse genes (orthologous genes) as annotated from the Mouse Genome Informatics (MGI) database 34 . An advantage of WGCNA is that it provides powerful module preservation statistics which assess whether the density (how tight interconnections among genes in a module are) and connectivity patterns of individual modules (for example, intramodular hub gene status) are preserved between two data sets. To assess the preservation our human modules (reference network) in the test network (either human or mouse), we used the R function 'modulePreservation' in the WGCNA R package, as this quantitative measure of module preservation enables rigorous argument that a module is not preserved 24 . By averaging the several preservation statistics generated through many permutations of the original data, a Z summary value is calculated, which summarizes the evidence that a module is preserved and indicative of module robustness and reproducibility. In general, modules with Z summary scores .10 are interpreted as strongly preservation (that is, densely connected, distinct, and reproducible modules), Z summary scores between 2 and 10 are weak to moderately preserved, and Z summary scores ,2 are not preserved. Identification and visualization of hub genes. Module eigengenes lead to a natural measure of module membership (also known as module eigengene based connectivity kME). Specifically, an approximate measure of module membership for gene i with respect to module q is defined as follows MM q (i) 5 cor(x(i), E q ), where x(i) is the expression profile of gene i and E q is the eigengene of module q. As we use signed networks here, we expect that module genes have significant positive module membership values. The advantage of using a correlation to quantify module membership is that this measure is naturally scaled to lie in the interval [21, 1] and a corresponding statistical significance measure (P value) can be easily computed. Genes with highest module membership values are referred to as intramodular hub genes (for example, kME . 0.9, P , 10
222
). Intramodular hub genes are centrally located inside the module and represent the expression profiles of the entire module 35 . We used VisANT 36 to visualize the top 150 gene connections (based on topological overlap) among the top 100 hub genes (that is, genes with the highest kME). Hub gene validation. We used WGCNA to independently construct a network in published data sets, and generated an independent list of hub genes (kME . 0.9) for each data set. For human-human comparisons and mouse-mouse comparisons, we determined the overlap of hub genes from the same developmental stage. However, for human-mouse module overlaps, we used all modules with significant gene overlap (P , 10 24 , see Fig. 4b ) to compute intramodular hub gene overlap. For example, we overlap hub genes found in the human 4-cell module to both mouse oocyte and 1-cell networks since both these networks have significant overlaps with the 4-cell module. Enrichment of upstream regulators. The Ingenuity Upstream Regulator Analytic was used to determine enrichment of upstream regulators for all human stagespecific modules. Regulators that were not transcriptional regulators were not considered. Gene ontology analysis. Functional annotation was performed with the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resource 37 . Gene ontology terms shown in this study summarized all similar RESEARCH LETTER
